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Abstract 

Background  Mixed strongyle infections represent the most prevalent equine parasitosis and can result in life-
threatening disease, especially in young horses. Species involvement and pathogenesis of this parasitosis are poorly 
understood, and data on foals and broodmares are notably lacking.

Methods  In a longitudinal study undertaken in 2022 in Germany, individual faecal samples (n = 497) and metadata 
were collected for naturally infected foals and broodmares (n = 48) kept under conventional husbandry conditions. 
Nematode infections were detected coproscopically via the Mini-FLOTAC method. In a subset of strongyle egg-
positive samples (n = 46), species were identified using cytochrome c oxidase subunit I deep amplicon sequencing. 
Species prevalence, richness, and alpha and beta diversity were compared between foals and mares.

Results  Overall, 22.2% of the foal samples and 10.2% of the mare samples were strongyle egg positive (eggs 
per gram > 5). Parascaris spp. were only detected in foals (15.1%). Strongyloides westeri was detected in one foal 
sample. Strongyle egg detection increased in likelihood with each additional sample timepoint (OR = 1.42, P < 0.001) 
and with ascarid egg detection (OR = 6.49, P < 0.001), while last anthelmintic treatment with pyrantel decreased 
the odds of detecting eggs (OR = 0.12, P = 0.002). Deep amplicon sequencing detected 16 species of small strongyles 
but no large strongyle species. Cylicostephanus goldi, Cylicostephanus minutus operational taxonomic unit II and Cyl-
icocyclus ashworthi were significantly more prevalent in mares (P < 0.05), while Cylicostephanus calicatus operational 
taxonomic unit II was more prevalent in foals (P < 0.01). Mares showed a significantly higher amplicon sequence-vari‑
ant-based richness (Chao 1 index, P < 0.001) and diversity (inverse Simpson index, P < 0.01) than foals. Group (foals vs. 
mares) explained some of the variance in beta diversity, according to permutational multivariate ANOVA. Co-infection 
with Parascaris spp. did not affect strongyle community composition in the foals. Bray–Curtis and Jaccard distance 
(dissimilarity) plots showed separate clusters for mares and foals, with some overlap and a moderate model fit.

Conclusions  Cytochrome oxidase-based characterization of mixed strongyle infections revealed strongyle com‑
munity differences between broodmares and foals. Possible age associations were identified for four species of small 
strongyles, including two cryptic species. Low overall strongyle prevalence and egg-shedding intensity, non-random 
sampling and differences in anthelmintic treatment schemes limited the statistical power of this study.
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Background
Mixed strongyle infections are the most common parasi-
toses of equines worldwide [1–5]. Among these parasites, 
small strongyles are the most prevalent, and typically 
occur as multi-species infections, often with 10–20 spe-
cies per host. While most small-strongyle infections 
remain subclinical, larval cyathostominosis can be life-
threatening, and particularly affects young horses [6–9]. 
In fact, among fatal cases of parasitosis caused by stron-
gyles, cyathostominosis has taken over as the leading 
cause of death (by Strongylus vulgaris) of equines in some 
European countries [4]. Yet, which precise species are 
involved and their pathogenicity are poorly understood, 
and data for foals are currently lacking.

To date, 64 strongyle species have been recognized, 
based on their morphological identification [10], of 
which 35 have been detected in domestic horses over 
the past 50  years [3]. Small-strongyle infections are 
dominated by a core group of 10–12 species, which are 
the most prevalent and typically most abundant species 
of strongyles [3, 11]. Species richness varies between 
infected individuals and has been linked to age group and 
geographical region [3]. In a meta-analysis of data from 
Western Europe [3], cyathostomin communities com-
prised an average of 18 species and were dominated by 
the following: Cylicocyclus (Cyc.) nassatus, Coronocyclus 
(Cor.) coronatus, Cylicostephanus (Cys.) longibursatus, 
Cyathostomum (Cya.) catinatum, Cylicostephanus (Cys.) 
minutus, Cylicostephanus (Cys.) goldi, Cylicocyclus (Cyc.) 
insigne, Coronocyclus (Cor.) labiatus, Coronocyclus (Cor.) 
labratus, Cylicocyclus (Cyc.) leptostomum and Poteriosto-
mum imparidentatum. While generally thought to share 
similar characteristics, differences in these species’ biol-
ogy have been described. This includes differences in 
prepatent periods between species [11] and shortened 
post-treatment egg-reappearance periods [12–15], with 
unknown consequences for the host. Moreover, anthel-
mintic resistance is widespread among small strongyles, 
especially against benzimidazoles [3, 16, 17], but also 
against tetrahydropyrimidines [18, 19] and macrocyclic 
lactones [20–22]. Some studies [5, 12, 18–20, 23] have 
associated certain species with anthelmintic resistance 
against certain classes of drugs, which highlights the 
importance of characterizing mixed strongyle infections. 
In horses, differences in species composition have been 
described between both individuals and age groups, and 
also between farms, and regions [5, 24–27]. Moreover, 
the influence of the sex of the host, weather and season-
ality on species composition have been studied and dis-
cussed [5, 26–31]. However, diagnostic challenges limit 
the overall availability of data, and our understanding of 
this complex nematode subfamily, the Cyathostominae, is 
still incomplete [1, 32].

Gastrointestinal parasite infections in horses are rou-
tinely diagnosed through faecal egg counts (FEC) [33]. 
The Mini-FLOTAC method employs a low multiplica-
tion factor for the counting of eggs compared with, for 
example, the McMaster method, and has been found to 
be more precise and sensitive than the latter [34, 35]. 
It is frequently used for the detection of all common 
equine nematodes encountered in continental Europe, 
including migratory and non-migratory Strongylidae 
(for which the eggs are detected), Strongyloides westeri, 
Parascaris spp., Oxyuris equi and, with less sensitiv-
ity, Anoplocephalidae [36–39]. Egg flotation tests allow 
for a wide range of parasite species to be differentiated. 
However, strongyle eggs share the same morphology 
across all species of the Strongyloidea and Trichostron-
gyloidea, necessitating additional diagnostic measures 
[1]. Deep amplicon sequencing has been proven to be a 
useful and cost-effective method for the differentiation 
of strongyle species [1, 5, 32, 40–43], with three target 
gene sequences currently in use. Internal transcribed 
spacer 2 (ITS-2) has been used for nemabiome analysis 
in equines [5, 18, 20, 32, 40, 41, 44–47], but although 
this is a well-established target amplicon, it cannot reli-
ably differentiate two very common and closely related 
core species of small strongyles, Cor. coronatus and 
Cys. calicatus [1]. Two cytochrome c oxidase subunit I 
(COI) target amplicons have also been used to differen-
tiate equine strongyles, a short 450-base pair (bp) tar-
get [40] and, more recently, a long 650-bp target [43]. 
While the 450-bp COI target amplicon showed an infe-
rior performance with ITS-2 when applied to a mock 
community [40], the longer 650-bp COI target ampli-
con can differentiate all core species of small strongyles 
described for continental Europe [43]. Furthermore, 
approaches employing both ITS-2 [32] and long COI 
[42, 43, 48] have been used to detect large strongyles. 
To date, our COI reference database includes sequences 
for 30 strongyle species obtained from individually 
morphologically identified specimens, for which paired 
COI and ITS-2 data are available. These include all 
cryptic species described for Cys. calicatus operational 
taxonomic units (OTUs) I–III and Cys. minutus OTUs 
I–III [13, 42, 43, 49]. Metabarcoding data for foals and 
broodmares are lacking and, moreover, there are only 
few data available on the occurrence of species of small 
strongyles in horses in Germany [43].

The aim of this study was to investigate natural 
mixed strongyle infections in foals and broodmares 
in Germany managed under conventional husbandry 
conditions. Specifically, the goals were to identify fac-
tors influencing strongyle egg detection and strongyle 
species composition, as well as strongyle community 
structure.
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Methods
Study population
This longitudinal study was conducted in Germany dur-
ing the 2022 grazing season (May–November) on three 
commercially operated breeding farms of warmbloods 
(Equus ferus caballus) located in the states of Branden-
burg, Hesse and Bavaria. In total, 497 individual faecal 
samples were collected from 48 horses (n = 24 mare-foal 
pairs). The mares were 4–23  years old at the time of 
sampling (mean, 11.3 years; median, 10 years). The foals 
were 25–99  days old (mean, 52  days; median, 47  days) 
at the first sampling timepoint and 121–239  days old 
(mean, 177 days; median, 176 days) at the last sampling 
timepoint. Farms were selected based on their expected 
number of warmblood breed foals (n = 5–20), due dates 
(March–May), husbandry practices (individual stalls 
and daily grazing), absence of planned antibiotic treat-
ments and absence of reoccurring health issues among 
the horses, e.g. a history of Rhodococcus equi on the farm. 
For each of the farms, all healthy foals  and their dams 
were included in the study. Daily access to the grazing 
pasture started 2–6 weeks postpartum and lasted for the 
duration of the study (May–November).

All medical treatments, starting from birth, as well 
as general husbandry data, were recorded. Anthelmin-
tic treatment followed normal farm practices. For foals, 
this consisted of a single fivefold dose of fenbendazole 
(50  mg/kg body weight) around 7–14  days postpartum, 
followed by one single-fold dose of fenbendazole (7.5 mg/
kg body weight) or pyrantel embonate (19  mg/kg body 
weight) at 8- to 10-week intervals, starting at 6–8 weeks 
of age. For mares, a single dose of ivermectin (0.2 mg/kg 
body weight) was given 7  days prior to the due date or 
on the day of parturition, followed by pyrantel embonate, 
ivermectin or moxidectin (0.4  mg/kg body weight) at 
3-month intervals. To determine the anthelmintic dos-
age for the adult horses, the body weight, which was 
estimated by the stable management, was increased 
by adding 50 kg. The mares were between 162 and 175 cm 
wither height and estimated to weigh between 550 and 
700  kg after parturition. The foals were expected to 
mature to similar sizes and weights, and a birth weight 
of 50 kg was assumed for anthelmintic dosage purposes.

Collection of faecal samples
A total of 497 individual faecal samples were collected 
for the 11 timepoints, and comprised 260 samples from 
foals and 237 samples from mares. All faecal samples 
were obtained from naturally passed faeces and collected 
from the centre of a fresh pile, to prevent environmental 
contamination. Prior to weaning, each mare-foal pair was 
kept in an individual stall with straw bedding for peri-
ods of the day, and at least during sample collection, and 

were otherwise grazing on pasture. After weaning, two 
to three foals were grouped in one stall. Before weaning, 
large faecal samples (> 100  g) for parasitological testing 
were obtained in the mornings and kept at 4–10 °C until 
further processing. Differentiation between mare and 
foal faeces was easily achieved by visual assessment of 
size, colour and texture. For weaned foals housed in pairs 
or groups, defecation was monitored closely to ensure 
faeces of the correct individual were sampled.

Faecal egg counts
Faecal egg counts were performed for all samples 
(n = 497; stored at 4–10  °C) within 3  days of sampling. 
The Mini-FLOTAC method was applied to count nema-
tode eggs [37, 50]. In brief, 5 g of faeces was mixed with 
45  ml saturated NaCl solution (specific gravity 1.20) 
and strained through a sieve. After mixing, the filtrate 
was aspirated with a pipette and both counting cham-
bers of the Mini-FLOTAC device were filled completely. 
After 10  min of flotation, the upper part of the device 
was rotated by 90° relative to the base and all of the eggs 
in both chambers of the Mini-FLOTAC device were 
counted per egg type and the number multiplied by 5 to 
calculate eggs per gram (EPG).

Egg and DNA isolation
Strongyle-positive samples were conserved in 2% Lugol’s 
iodine solution at a 2:1 volume:weight ratio [Lugol’s:faecal 
sample (millilitres:grams)], as previously described [51]. 
Conserved samples were stored for up to 12  weeks at 
room temperature before egg isolation. Strongyle eggs 
were successfully isolated from 64 of 81 strongyle-posi-
tive samples (strongyle EPG > 5) by washing the faeces 
with water over a series of sieves (500 > 180 > 60 > 25 µm). 
The particles remaining on the final sieve were collected 
into a new tube and transferred to a 25-µm sieve with a 
smaller diameter (7 cm) to remove as much small partic-
ulate matter as possible. The remaining residue was col-
lected into a new 50-ml tube and purified through two 
rounds of flotation in saturated NaCl solution, superna-
tant collection and subsequent washing steps. Finally, 
10  µl of the final sample was used for the microscopic 
count and estimation of the total number of isolated eggs. 

DNA was extracted from the samples containing > 500 
eggs by using the NucleoSpin Soil Kit (no. 740780; Mach-
erey–Nagel, Germany). To increase the retention of 
DNA, a modified version of the manufacturer’s protocol 
was applied, resulting in two extractions per sample. In 
brief, following mechanical beating of the eggs, the entire 
supernatant was divided onto two spin columns, instead 
of using a portion of the supernatant on one column 
(which is the standard protocol). The final eluates of both 
spin columns were collected into a single tube. All other 
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steps followed the standard protocol. During the pre-elu-
tion incubation (3 min), the columns were maintained in 
a heat block (70 °C).

Library preparation and deep amplicon sequencing
Prior to library preparation, the presence of amplifi-
able nematode DNA was verified by using a polymerase 
chain reaction (PCR) targeting the 28S ribosomal RNA 
gene [51]. To produce amplicon libraries that could be 
sequenced on an Illumina platform, a two-step PCR 
approach was used based on the 16S Illumina Dem-
onstrated Library Prep Guide. This approach has been 
described previously [52]. Briefly, the target primers (for-
ward primer TCG TCG GCA GCG TCA GAT GTG TA
T AAG AGA CAG GAA AGT TCT AAT CAT AAR GA
T  ATT  GG; reverse primer GTC  TCG  TGG  GCT  CG
G AGA TGT GTA TAA GAG ACA GAC CTC AGG AT
G  ACC  AAA  AAA  YCA  A) contain Illumina adapter 
overhang nucleotide sequences (Technologies, Skokie, 
IL.) and amplify a 650-bp region of the COI in parasitic 
nematodes [53]. Representative reads matched to the 
mitochondrial COI of Cylicostephanus minutus OTU 
I (GenBank MH460767.1) approximately at positions 
1–275 (273/275, 99% identity) and 379–654 (276/276, 
100% identity). PCR 1 had a final concentration of 10 µM 
each of the forward and reverse primer, 2 µl of template 
DNA and 1 × (= 2.5  mM MgCl2) Kapa HiFi HotStart 
ReadyMix (Roche Molecular Systems, Peasanton, CA). 
The thermal cycling consisted of initial denaturation at 
95  °C (3  min), followed by 34 cycles of denaturation at 
98  °C (20  s), annealing at 60  °C (15  s) and extension at 
72 °C (40 s), and a final elongation step at 72 °C (2 min). 
Magnetic beads were used to purify PCR  1 products 
(CleanNGS; GC biotech, the Netherlands), following 
the manufacturer’s instructions, using a 10:8 sample-to-
bead ratio. During this process, target PCR products are 
reversibly attached to magnetic beads and thereby sepa-
rated from excess nucleotides and non-target fragments 
during multiple washing steps [54]. Clean PCR products 
were eluted in 10  µl of water. In the second PCR step, 
unique dual indices (8 bp), provided by the Berlin Cen-
tre for Genomics in Biodiversity Research, were attached 
to each sample and the Illumina adapter was completed 
to allow for sequencing (Supplemental Table  7). The 
reaction contained purified PCR  1 product (10  µl), a 
unique combination of p7 and p5 indexes at a final con-
centration of 10  µM each, and 1 × Kapa HiFi HotStart 
ReadyMix (Roche Molecular Systems). For PCR  2, the 
thermal cycling consisted of initial denaturation at 98 °C 
(45 s), followed by seven cycles of denaturation at 98 °C 
(15 s), annealing at 60 °C (30 s), extension at 72 °C (30 s) 
and a final elongation step at 72 °C (1 min). To improve 
the yield, PCR  2 was run in duplicate. Both duplicates 

of PCR2 from each sample were combined into a sin-
gle tube during the subsequent magnetic bead clean-up, 
which was performed as described above and repeated 
once more. Prior to sequencing, the amplicon content 
was quantified using a Qubit 4 Fluorometer (Thermo 
Fisher Scientific, Darmstadt, Germany) and the Qubit 
dsDNA HS Assay Kit (Thermo Fisher Scientific). Prior to 
sequencing, an additional magnetic bead-cleaning step 
was performed by using a Biomek i7 Automated Wash-
station (Beckman Coulter, Brea, CA). All of the samples 
were sequenced at the Berlin Centre for Genomics in 
Biodiversity Research by using Illumina MiSeq and the 
Version 600-Cycles Sequencing Kit (Illumina, 2 × 300 
cycles). The samples were pooled according to the num-
ber of reads they produced in an initial spike-in (~ 1 mil-
lion reads), and subsequently run until at least 10,000 
reads per sample were obtained.

Taxonomic assignment using DADA2 and vsearch syntax
Preprocessing of sequencing results was conducted as 
described previously [42, 55]. The key bioinformatic 
scripts are available at https://​doi.​org/​10.​6084/​m9.​figsh​
are.​29108​408. Sequencing data are available from Bio-
Project PRJNA1284338. In brief, all of the sequences 
resulting from the multiple runs were merged for 62 
individual samples. Cutadapt was used to trim the prim-
ers and for the subsequent removal of untrimmed reads 
[56]. Quality checks and filters were applied, following 
the dada2 pipeline (R dada2 package, version 1.26.0) [57]. 
Reads were truncated to 260 bp and 220 bp for forward 
and reverse reads, respectively. The justConcatenate 
mode of the DADA2 mergePairs function was used, as 
the COI-amplicon length significantly exceeded the sum 
of the paired-end reads. Instead of calculating overlaps 
for denoised reads, this function concatenates forward 
and reverse reads, separated by 10 ‘n’. Only amplicon 
sequencing variants (ASVs) that matched within the 
family Strongylidae were included in the subsequent 
analysis. Other ASVs not matching the COI database, 
with sequence identity ≥ 0.8 and minimum query cover-
age ≥ 0.9 for forward and reverse reads, were filtered out 
by using the Basic Local Alignment Search Tool N [58]. 
Further, a tolerance of 30-bp distance from the 5ˈ/3ˈ 
end of the target sequence was defined for matches to 
be included. After removal of non-matching ASVs, sam-
ples with less than 500 remaining reads were removed 
(n = 16), resulting in 46 samples (n = 32 foal samples, 
n = 14 mare samples) from 21 individuals (n = 16 unique 
foals, n = 5 unique mares) that were included for further 
analysis. Before taxonomic classification, all spurious 
ASVs with a frequency below 0.1% across all samples 
were removed (n = 208). The COI database was then used 
for the taxonomic assignment of the strongyle species 

https://doi.org/10.6084/m9.figshare.29108408
https://doi.org/10.6084/m9.figshare.29108408
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[43]. The species were assigned if both the forward and 
reverse read had ≥ 80% matching identity and ≥ 90% 
query coverage when using both rdp (minBoot = 0.8) and 
vsearch version 2.27 (sintax_cutoff = 0.8). A tolerance of 
30-bp distance from the 5ˈ/3ˈ end of the target sequence 
was defined for matches to be included. The taxonomic 
assignments from both the rdp and vsearch tools were 
used to reach a consensus, with conflicting assignments 
between the two tools considered ‘unclassifiable’. Mul-
tiple ASVs were assigned for a single species, where 
necessary.

Statistical analysis
R (versions 3.1.4 and 4.4.1) was used for all of the statisti-
cal analyses and visualisations [59]. Horses were enrolled 
in the study over a period of 3 weeks, depending on their 
date of birth and individual start of grazing. Since the 
goal was to investigate mixed infections over the grazing 
period, FEC data were analysed on an absolute time scale. 
For this purpose, the first day a horse was included in the 
study was fixed as day 0. Since multiple samples from dif-
ferent timepoints were available per individual, species 
frequency was used to describe compositional differ-
ences between groups. Differences in species frequency 
between foals and mares were analysed using a mid-p 
exact test (R exact2×2 package, version 1.6.9), after cre-
ating 2 × 2 contingency tables of positive and negative 
counts per group for each strongyle species. The false 
discovery rate method was used to correct for multiple 
testing (R stats package, version 4.4.1). Furthermore, Wil-
son’s binomial confidence intervals (CIs) were calculated 
for the proportional frequency of each classified species 
(R epitools package, version 0.5–10.1). Unclassified spe-
cies were excluded from the species frequency analysis. A 
univariate generalized linear model with a binomial dis-
tribution (R lme4 package, function glmer, version 1.1–
35.5) [60] was used to analyse all of the relevant variables 
for dependent variable strongyle egg presence/absence 
(mds_bin). These included last administered anthelmin-
tic drug (anthelmintic); days since the last anthelmintic 
treatment (deworm_days); days since the start of graz-
ing (grass_days); timepoint, 1–11 (sample); mare or foal 
(group); and presence/absence of ascarid eggs (pa_bin). 
To account for repeated measures and farm-level vari-
ability, an individual horse identifier (horse_id) and farm 
identifier (farm) were included as random effects, after 
testing model improvement with a χ2 test (R lme4 pack-
age, function anova, version 1.1-35-5). Conditional and 
marginal R2 values were determined for each variable by 
using the Nakagawa method, to assess the explanatory 
variance of the fixed effects with and without the ran-
dom effect (R performance package, version 0.13.0). Beta 
coefficients were exponentiated to odds ratios (ORs), and 

95% CIs were calculated using the Wald method. In addi-
tion, a generalized linear mixed model built using the 
Template Model Builder (glmmTMB), with a binomial 
distribution, was used to test influence factors on mds_
bin (R glmmTMB package, version 1.1.10) [61]. Horse_id 
and farm were included as random effects. Due to collin-
earity, grass_days was excluded from this model (R corr 
package, version 0.4.4) [62]. The remaining variables were 
included as fixed effects. Then, backward elimination of 
non-significant variables through likelihood ratio tests 
was performed (R lme4 package, function drop1, version 
1.1-37) and model fit visualisations (R DHARMa pack-
age, version 0.4.7) [63]. ORs were calculated by expo-
nentiating beta coefficients from the glmmTMB model, 
and 95% CIs were calculated using the uniroots method 
(R glmmTMB package, version 1.1.10). Results with CIs 
excluding 1 and P-values < 0.05 were considered signifi-
cant. Nakawaga’s R2 method was used to assess the vari-
ance explained by fixed and random effects in the final 
model (R performance package, version 0.13.0).

The total number of assigned species per host was com-
pared between groups by using a t-test (R stats package, 
version 4.4.1), as the data showed a near normal distribu-
tion in a histogram (R vegan package, version 2.6.1.) [64]. 
A non-normal distribution was assumed for all other 
input data after visual inspection of the histograms and 
the Kolmogorov–Smirnov test (R vegan package, version 
2.6-8).

Alpha diversity was analysed using Chao1 richness, 
inverse Simpson and the Shannon index (R phyloseq 
package, version 1.41.1). A univariate generalized lin-
ear mixed effect model (glmer), assuming a gamma 
distribution with a log link function (R lme4 package, 
version 1.1.-37), was calculated for each of the three 
alpha diversity measures. This included anthelmin-
tic, deworm_days, farm, group, mds_epg (strongyle 
FEC) and pa_bin as fixed effect variables. Sample was 
included as a random effect variable to account for 
repeated measures. Conditional and marginal R2 values 
were determined for each variable by using the Naka-
gawa method, to assess the explanatory variance of 
the fixed effects with and without the random effect (R 
performance package, version 0.13.0). The model’s beta 
coefficients were exponentiated to rate ratios and 95% 
CIs were calculated using the profile likelihood method. 
In addition, a generalized multivariate linear mixed-
effects model (glmmTMB) was calculated assuming 
a gamma distribution with a log link function (R glm-
mTMB package, version 1.1.10), with sample set as ran-
dom effect. Due to collinearity, pa_bin was excluded 
from the multivariate models. Then, backward elimi-
nation of non-significant variables through likelihood 
ratio tests was performed for the individual models of 
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the three alpha diversity measures (R lme4 package, 
version 1.1.-37). Final model fits were tested regarding 
uniformity and overdispersion (R DHARMa package, 
version 0.4.7). Beta coefficients were exponentiated to 
rate ratios, and 95% CIs were calculated by using the 
Wald method (R performance package, version 0.13.0). 
Furthermore, Nakagawa’s R2 was calculated to assess 
the variance explained by fixed and random effects (R 
performance package, version 0.13.0). In cases with 
very low random effect variance, R2 was measured 
using the get_variance function (R insight package, ver-
sion 1.0.7).

For beta diversity, both Bray–Curtis dissimilarity 
(BCD) and Jaccard distance (JD) were calculated (R 
phyloseq package, version 1.44.0; R vegan package, ver-
sion 2.6–8). Based on these, a permutational multivari-
ate ANOVA was run with farm and horse_id as random 
effects and group as fixed effect. Furthermore, non-
metric multidimensional scaling ordination plots were 
created (R vegan package, version 2.6–8; R ggplot2 
package, version 3.5.1).

Results
Faecal egg counts
Coproscopic analysis of 497 samples led to the detec-
tion of three types of nematode eggs, those of stron-
gyles (Strongylida), ascarids (Parascaris spp.), and S. 
westeri (n = 1) (Table  1). Strongyle eggs were the only 
nematode egg type detected in mares. Over the study 
period, the prevalence of strongyle eggs ranged from 0 
to 100% in foals and 0–60% in mares at different time-
points throughout the study period (Fig. 1). A multivari-
ate analysis revealed that ascarid egg detection increased 
the odds for strongyle egg detection by a factor of 6.49 
(OR = 6.49, P < 0.001) (Supplemental Table  2). The odds 
of strongyle egg detection also increased with each sam-
ple timepoint (OR = 1.36, P < 0.001). Horses that were 
treated last with pyrantel had significantly lower odds 
of strongyle egg detection compared to those that had 
received a single-fold dose of fenbendazole (OR = 0.12, 
P = 0.002) (Supplemental Table 2).

Including both horse_id and farm as random effects 
significantly improved the model [Akaike information 

Table 1  Faecal egg counts for strongyle and ascarid eggs in mares and foals, based on longitudinal faecal egg count analysis

a Positive indicates eggs per gram > 5

Strongyle eggs Ascarid eggs

Positivea Faecal egg count Positivea Faecal egg count

Group n % Median Mean Range n % Median Mean Range

Foals (n = 260) 56 22.2 0 4 0–60 38 15.1 0 12 0–345

Mares (n = 237) 25 10.2 0 10 0–865 0 0.0 0 0 0

Fig. 1  Prevalence of strongyle eggs for mares and foals over the study period, based on faecal egg counts. Samples were collected at 11 timepoints 
for each farm. All faecal egg counts obtained between May and November 2022 are included (n = 497). Samples with > 5 eggs per gram were 
considered positive



Page 7 of 16Klass et al. Parasites & Vectors           (2026) 19:65 	

criterion  (none) = 443.9, Akaike information crite-
rion  (horse_id + farm) = 421.2, P < 0.001]. In the mul-
tivariate model, 63.1% of the variance was explained by 
random effects (Nakagawa’s R2, conditional R2 = 0.634, 
marginal R2 = 0.498).

Anthelmintic treatments
The most recent anthelmintic treatment at the time of 
sample collection was recorded. For mares, pyrantel 
(n = 117) and ivermectin (n = 119) were most frequently 
used, followed by a single-fold dose of fenbendazole 
(n = 6) and moxidectin (n = 3). Foals had last been treated 
with a fivefold dose of fenbendazole (n = 115), a single-
fold dose of fenbendazole (n = 107), ivermectin (n = 19) 
or pyrantel (n = 11). Prior to this study, two of the farms 
had never conducted faecal egg tests. The third farm 
had performed some diagnostic tests 1 year prior to this 
study after two yearlings had been hospitalized for lar-
val cyathostominosis. While stabled, all of the horses 
were kept on straw bedding, which was cleaned daily and 
replaced as needed. Turnout areas were cleaned or har-
rowed at least twice a year, and lime fertilization was used 
once or twice a year. At one farm (farm 2), horses and 
cattle were rotated on the pastures where they grazed.

Species composition
From a total of N = 1035 ASVs, n = 2978 were matched 
to 16 species of small strongyles, while 57 ASVs (5.51%) 
remained unclassified. Large strongyles were not 
detected. The highest number of ASVs was found for Cyc. 
nassatus (n = 230), while Cys. minutus OTU I had the 
lowest number (n = 1). Species frequency and number 
of ASVs per species were positively correlated (S = 97.75, 
rho = 0.85, P < 0.001) (Fig. 2).

Out of 16 assigned species of small strongyles, 15 were 
detected in foals and 13 in mares. Proportional frequen-
cies for all species overall and for each group, as well as 
ORs between groups, are shown in Supplemental Table 3. 
In foals (n = 32), the median number of species of small 
strongyles per individual was seven (range = 2–10, 
mean = 6.2), whereas mares (n = 14) had a median of eight 
species of small strongyles (range = 3–9, mean = 8.0). 
The total number of species per host was significantly 
different between the two groups [t(23.09) = − 2.42, 
P-value = 0.023].

Four species of small strongyles showed significantly 
different prevalences between groups, according to the 
mid-p test (Fig. 3). While Cys. goldi was the second most 
prevalent species in mares (85.71%), it had a significantly 
lower prevalence in foals (37.5%, mid-P = 0.016, OR 
0.11, 95% CI 0.01–0.50). Similarly, Cys. minutus OTU II 
had a significantly higher prevalence in mares (64.3%) 
than in foals (15.6%, mid-P = 0.016, OR 0.11, 95% CI 

0.02–0.46). Cylicocyclus ashworthi was only detected in 
mares (28.5%, mid-P = 0.024, OR 0, 95% CI 0–0.42). In 
contrast, Cys. calicatus OTU II had a significantly higher 
prevalence in foals (75.0%, mid-P = 0.016, OR 10.32, 95% 
CI 2.40–56.43) than in mares (21.4%). Two cryptic spe-
cies with a low prevalence in foals, Cys. calicatus OTU 
I (6.3%) and Cys. minutus OTU III (3.1%), were not 
detected in mares (Supplemental Table 3).

Alpha diversity
Richness, measured by Chao1 and based on ASVs, 
was significantly higher in mares than foals (P < 0.001) 
(Fig.  4A). Diversity was significantly different between 
groups as well for the inverse Simpson index (P < 0.01) 
(Fig. 4B). The Shannon index was not significantly differ-
ent for the two groups (P = 0.10) (Fig. 4C).

Random effects of horse_id (individual identifier) and 
sample (timepoints 1–11) were detected in both univari-
ate and multivariate generalized linear mixed models. 
However, group was the only significant variable in the 
final multivariate model for both Chao 1 and the inverse 
Simpson index (Supplemental Tables 4–5). Both indexes 
showed higher values for mares compared to foals 
(Chao1, OR 2.35, 95% CI 1.23–4.48, P = 0.009; inverse 
Simpson, OR 2.49, 95% CI 1.29–4.82, P = 0.007). For the 
Shannon index, no significant effects were detected (Sup-
plemental Table 6).

Beta diversity
Based on a permutational multivariate ANOVA, both 
BCD and JD (dissimilarity) revealed significant dif-
ferences between mares and foals (BCD, P < 0.01: JD, 
P < 0.01). Group explained 2.6–4.0% of the variance 
(BCD, r2 = 0.040; JD, r2 = 0.026). Farm was a signifi-
cant random effect (P < 0.001), explaining 5.7–8.7% of 
the variance (BDC, r2 = 0.087; JD, r2 = 0.057). Sample 
timepoint and infection with Parascaris spp. showed 
no significant effect on beta diversity of the strongyle 
communities. Both BCD and JD showed almost identi-
cal results for ASV-based non-metric multidimensional 
scaling, with some overlap between groups and a mod-
erate model fit (BCD, stress value = 0.200; JD, stress 
value = 0.205) (Fig.  5). For species-based plots, BCD 
(stress value = 0.141) showed more separation between 
clusters than JD (stress value = 0.173) (Fig. 6).

Discussion
To the best of our knowledge, this study presents the 
first COI-based analysis of mixed strongyle infections 
in foals and broodmares. The comparison of these two 
groups adds to our understanding of species biology for 
several small strongyles, including five cryptic species. 
The selection of the study participants can be viewed as 
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a unique strength of this investigation, but it also resulted 
in limitations that need to be considered when interpret-
ing the results. The faecal samples were collected from 
horses that received anthelmintic treatment at intervals 
throughout the duration of the study. This type of treat-
ment routine, which is common practice for breeding 
farms in Germany and elsewhere, likely contributed 
to the low FECs [25]. Moreover, the treatment routine 
may have influenced the strongyle species composition, 
potentially favouring resistant species and species with 
shorter prepatent periods. Taken together, the prevalence 
data from this study cannot be considered representative 
of the general equine population of Germany. Neverthe-
less, these data provide valuable insights into strongyle 

communities under ‘normal’ conditions in breeding sta-
bles, which is currently lacking.

Strongyle infections were less prevalent than expected 
in this study. This may have been related to the unusually 
low rainfall during the study period [65]. Lower parasite 
burdens have been reported in dry years [31]. Strongyle 
infection prevalence is generally reported to be very 
high worldwide in horses with access to pasture [3], but 
data for suckling foals are scarce. Moreover, differences 
between age groups [24] and anthelmintic treatment 
strategies [38, 66] have been described. In thoroughbred 
mares kept under very similar husbandry conditions to 
the broodmares in this study, strongyle prevalence of 
only 32% was reported [67]. Moreover, middle-aged and 

Fig. 2  Correlation between the number of different amplicon sequence variants (ASVs) per species and overall species frequency for all 
of the samples (n = 46), based on Spearman’s rank correlation (ρ = 0.85; P < 0.001). The SE is shown as the grey area around the midline of the fitted 
trend. OTU Operational taxonomic unit
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older mares (10–20 years) had significantly lower preva-
lences than younger mares [67].

The low FEC (< 50 EPG) found in the present study 
contributed to sample loss during egg isolation, as it 
was not possible to retrieve sufficient strongyle eggs for 
subsequent DNA isolation from all of the positive sam-
ples. Moreover, unusually high amounts of strongyle 
egg-sized faecal matter complicated egg isolation, as 

additional washing steps had to be included, which may 
have added to the loss of more eggs during their isola-
tion. Future studies that include metabarcoding could 
consider using larval culture instead of egg sampling to 
avoid sample loss due to low egg yields. Larval culture 
has been used in recent studies [20, 40, 46], and was 
also found to be a reliable and sensitive sampling tech-
nique for characterizing strongyle infections in recent 
work conducted by our group [55].

Fig. 3  Frequency of small-strongyle species among strongyle-positive samples from mares (n = 14) and foals (n = 32). Species are sorted 
by descending overall prevalence (n = 46). Binomial confidence intervals are shown as error bars. Bold font and asterisks denote species that showed 
significant differences in prevalence between mares and foals, which were calculated using a mid-p exact test and the false discovery rate method 
to correct for multiple testing (* P < 0.05)
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Overall, foals were significantly more likely to be 
positive for strongyle eggs than mares, which was to be 
expected. Differences in strongyle infections between 
age groups have been well described [5, 24, 25, 28, 67], 
and treatment intervals and choice of anthelmintic drug 
may have contributed to this. During the first 4–8 weeks 
of life, the foals were more frequently treated (< 4-week 
intervals) than the mares. However, they were exclu-
sively treated with fenbendazole during this time. Given 
the widespread occurrence of benzimidazole-resistance 
in small strongyles worldwide [12, 16, 68–71], it remains 

uncertain whether these treatments had any effect on the 
small strongyle infections that were present. However, it 
is possible that the differences in species composition and 
prevalences between the groups can be attributed to the 
use of different anthelmintic treatments for mares and 
foals. In addition, later sampling timepoints coincided 
with longer treatment intervals (8–12 weeks) in foals in 
this study, and may have contributed to the higher stron-
gyle prevalence in them. The broodmares were almost 
exclusively treated with pyrantel or a macrocyclic lac-
tone, for which varying efficacy against strongyles has 
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been reported. Resistance to pyrantel has been described 
in many areas, including Germany [71]. Likewise, reports 
of macrocyclic lactone resistance in small strongyles are 
increasing in Europe [20, 72, 73] and other countries [74, 
75]. However, to date, no case has been reported in Ger-
many. In addition, differences between strongyle species 
in their resistance to anthelmintics have been suggested 
for all classes of these drugs [11, 18, 73]. Investigating 
species-specific anthelmintic resistance would be an 
interesting goal for future studies.

Horses had higher odds of testing positive for strongyle 
eggs with increasing time on pasture. This may have been 
related to the ingestion of higher volumes of roughage 
with the increasing age of the foals and the time factor. 
Both of these factors could have increased the opportu-
nities for infection. Older foals have been shown to have 
higher strongyle worm burdens and egg shedding than 
younger foals [11, 76]. Alternatively, it may have been 
related to seasonality. Since all of the foals were born in 
the spring, it was not possible to analyse grazing time and 
season separately. The seasonality of strongyle egg shed-
ding is controversial. A number of studies have reported 
seasonality of strongyle infections [26, 29–31], with 
greater differences described for young horses (< 5 years) 
[31]. However, a large retrospective study that used 
postmortem data [4], and two longitudinal studies on 
untreated adult equines [4, 77, 78], reported a lack of sea-
sonality in strongyle egg shedding. Seasonality may also 
differ when studies are based on data from necropsies or 
EPGs. To the best of our knowledge, this is the first lon-
gitudinal investigation of horses receiving treatment at 
intervals, and hence, it remains unclear how seasonality 
may factor into our observations.

Sixteen non-migratory strongyle species were identi-
fied overall in this study, which is in accordance with 
the species richness described for other treated popula-
tions of horses in Western Europe [3]. Unsurprisingly, 
Cys. longibursatus, Cor. coronatus and Cyc. nassatus 
were the three most frequently detected species. They 
have been identified as highly prevalent and abundant 
species worldwide, as reported by a large multi-country 
meta-analysis [3]. Of note, the cryptic species Cys. cali-
catus OTU II and Cys. minutus OTU I were, equally, the 
fourth most frequently detected species overall (58.7%). 
This matches findings from morphological studies, which 
reported both morphospecies, Cys. calicatus and Cys. 
minutus, among the core species [3, 79]. To date, only 
two metabarcoding studies differentiated cryptic species 
in naturally occurring infections, and both found a high 
prevalence of Cys. calicatus OTU II, while Cys. minutus 
OTU I only had a low to medium prevalence, 33.3–39.4% 
[40, 55]. Interestingly, two other cryptic species, Cys. 
minutus OTU II and III were more prevalent than Cys. 

minutus OTU I in both of those studies, whereas they 
had low and very low abundance, respectively, in the pre-
sent study.

While most of the identified species were detected 
at similar abundances in mares and foals, four species 
showed significant differences. First, the core species, 
Cys. goldi, was significantly less likely to be detected 
in foals. No age or group association has been previ-
ously described for this species. However, Cys. goldi was 
found to be resistant to pyrantel, ivermectin and mox-
idectin in a North American study [80]. A difference in 
anthelmintic response could have contributed to the 
dominance of this species in the mares which, unlike the 
foals, had been regularly treated with pyrantel and iver-
mectin. Although macrocyclic lactone resistance has not 
yet been reported in Germany, it would be interesting to 
examine the anthelmintic susceptibility of this species in 
future studies. Second, Cyc. ashworthi was significantly 
more frequently detected in mares in the present study. 
In fact, it did not occur in the foals at all. This contrasts 
with the findings of a study that reported an age associa-
tion between Cyc. ashworthi and 2-year-old horses, and 
a significantly lower presence of Cyc. ashworthi in older 
horses [24]. However, the latter study did not include 
foals, which may explain the differences between its find-
ings and ours. A morphological study of small strongyles 
in suckling foals also found a low prevalence for Cyc. 
ashworthi [11]. Third, the cryptic species Cys. minutus 
OTU II was among the most common species in the 
mares, and had a significantly higher frequency than in 
the foals. The detection frequency for this species among 
mares in the present study is similar to the prevalence 
described for treated adult horses in another study [42], 
and may point toward an association with age. Fourth, 
Cys. calicatus OTU II was among the most common spe-
cies in foals, in which it was significantly more frequent 
than in mares. Interestingly, Cys. calicatus OTU II was 
also highly prevalent in a recent study on yearlings car-
ried out in the USA by our working group [55], and may 
point to an association with the infected animal’s age for 
this genospecies. However, more studies are needed to 
elucidate species-specific properties of small strongyles, 
especially regarding the cryptic species. Taken together, 
these findings support the idea that these cryptic species 
are valid individual species within the context of the phy-
logenetic species concept [13, 43, 49, 81]. Moreover, they 
highlight the need to apply methods that can detect cryp-
tic species, and methods and criteria that can be used to 
identify such strongyle species should be harmonized. 
Overall, our knowledge about the biology of species of 
small strongyles is still lacking and should be addressed 
in future investigations. Determining the anthelmintic 
susceptibility or resistance status of the identified species 
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in future studies would be of high value, as drug efficacy 
likely represents a major factor influencing the occur-
rence of individual species. Three recent studies have 
investigated the species composition in strongyle popula-
tions of species with known anthelmintic resistance [73–
75]. However, the anthelmintic efficacy of specific drugs 
against individual strongyle species is largely unknown. 
While it may not be feasible to test anthelmintic efficacy 
in strongyle species with low abundance, or that are rare, 
future studies could investigate the core strongyle species 
using a combination of a faecal egg count reduction test 
and molecular identification methods [33].

Strongyle community analyses revealed some interest-
ing differences between the mares and foals. The brood-
mares had significantly higher ASV richness as well as a 
higher number of species per horse. These are interesting 
findings, as a previous study found higher species rich-
ness in young horses and a decline with the animals’ age 
[24], albeit suckling foals were not included in that study. 
It is possible that mixed strongyle infections develop 
differently in animals in the first months of life than in 
adults, which may explain our finding. Some studies have 
suggested an influence of host immunity on strongyle 
communities in neonates, which could potentially influ-
ence species composition and richness [11, 24]. Unlike 
foals, mares had likely been repeatedly infected with 
strongyles in the years prior to the study period. Thus, 
despite anthelmintic treatment, they may have harboured 
encysted larvae from previous infections, which could 
have gradually egressed and contributed to higher spe-
cies richness. Body size has been found to be a strong 
determinator of parasite richness in many host species 
[82], and has been discussed with regard to the strongyle 
burdens of equines [24]. Alternatively, differences in rich-
ness may be related to differences in immune responses 
to strongyle infections. The foals, which would have 
been infected for the first time, would have had limited 
immunity towards strongyle infections, whereas the 
mares probably had partial immunity prior to the study 
through exposure in previous grazing seasons. Repeated 
infections promote immune maturity, which can result 
in resistance or tolerance towards strongyle challenge, 
and both responses potentially differ between individuals 
and with regard to strongyle species [83]. In small stron-
gyles, several studies have shown evidence of increased 
host resistance with increasing age of the host, based on 
declining FEC magnitudes [84, 85], with the exception of 
young foals [78] and geriatric equines [86]. In contrast, 
based on the same FEC patterns, a recent study sug-
gested that immune maturity may instead enhance tol-
erance to infection with small strongyles [24], allowing 
infections to persist without a marked clinical impact. 
Although this hypothesis has not been tested directly, it 

is consistent with observations from untreated popula-
tions, which often exhibit higher FEC and greater species 
richness [78, 87–89]. 

Parasite-related factors may also play a role in this, 
as species differ in their sensitivity to host immune 
responses [24], potentially contributing to variation in 
strongyle community composition between foals and 
adults. Another factor to consider is the FEC of the 
sequenced samples. Although broodmares had overall 
lower prevalences as shown by strongyle-positive sam-
ples, the samples of mares included in the deep ampli-
con sequencing and subsequent community analysis 
had significantly higher EPGs than those of the foals. 
This could have increased the probability of identify-
ing rarer species, in which case, higher richness would 
have been a likely outcome. While strongyle EPG did 
not significantly contribute to species richness in the 
univariate model (Supplemental Table  4), a significant 
but very small OR increase for the inverse Simpson 
diversity was detected in the univariate generalized 
linear mixed model (Supplemental Table  5, OR = 1.01, 
CI = 1.00–1.01, P = 0.002), which potentially indicates a 
substantial effect due to its multiplicity with each addi-
tional egg per gram. Given that EPGs can reach several 
hundreds to thousands in strongyles [28, 78], the differ-
ences in EPGs between the mares and foals could have 
significantly impacted species diversity. This finding is 
in contrast to that of a previous study, which found no 
linear relationship between species diversity and FECs 
[24]. In addition to higher richness, the mares showed 
a significantly higher diversity of strongyles based on 
the inverse Simpson index, which points to differences 
in the dominant species between the groups. This was 
also seen in the direct comparison of individual species’ 
occurrences between the groups, and may indicate an 
age group association for some species. The difference 
in dominance structure in the present study contrasts 
with a reported lack of difference in species domi-
nance, despite richness differences between age groups 
of infected animals [24]. However, as previously men-
tioned, the latter study did not include suckling foals, 
which limits the comparison. Moreover, our study was 
limited by the overall low strongyle prevalence. While 
the same diversity trend was observed regarding the 
Shannon index, differences between mares and foals 
were not significant here, suggesting that the less fre-
quent species were similar in both groups. Both ASV-
based and species-based beta diversity analysis showed 
that group explained some strongyle community dif-
ferences. However, while statistically significant, only 
a low beta diversity variance was explained by group, 
suggesting that additional factors influenced stron-
gyle community composition. Interestingly, temporal 
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changes did not show a significant effect on beta diver-
sity. It must be noted that a median and mean of only 
two samples per individual were available for this anal-
ysis, due to the overall low prevalence of strongyle eggs 
throughout this longitudinal study. More studies are 
thus needed to improve our understanding of the fac-
tors that shape strongyle communities.

Conclusions
This first, to the best of our knowledge, COI-based char-
acterization of mixed strongyle infections in broodmares 
and foals revealed differences in strongyle communities 
between these groups. Possible associations with age 
of the animals were identified for four of the species of 
small strongyles, including two cryptic species. However, 
several factors, including low overall strongyle preva-
lence and differences in anthelmintic treatment, limited 
interpretation of the results. Nevertheless, our findings 
contribute to an understanding of species-specific prop-
erties and strongyle community structure in broodmares 
and foals kept under conventional husbandry conditions. 
Future research is needed to improve our understanding 
of host-parasite interactions between horses and stron-
gyles across age and treatment groups, and to investigate 
anthelmintic resistance at the species level.

Abbreviations
ASV	� Amplicon sequence variant
BCD	� Bray–Curtis dissimilarity
CI	� Confidence interval
COI	� Cytochrome c oxidase subunit I
Cor. coronatus	� Coronocyclus coronatus
Cor. labiatus	� Coronocyclus labiatus
Cor.  labratus	� Coronocyclus labratus
Cya. catinatum	� Cyathostomum catinatum
Cya.  pateratum	� Cyathostomum pateratum
Cyc. ashworthi	� Cylicocyclus ashworthi
Cyc. insigne	� Cylicocyclus insigne
Cyc. leptostomum	� Cylicocyclus leptostomum
Cyc. nassatus	� Cylicocyclus nassatus
Cys. calicatus	� Cylicostephanus calicatus
Cys. goldi	� Cylicostephanus goldi
Cys. longibursatus	� Cylicostephanus longibursatus
Cys. minutus	� Cylicostephanus minutus
FEC	� Faecal egg count
JD	� Jaccard distance
OR	� Odds ratio
OTU	� Operational taxonomic unit

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13071-​025-​07192-1.

Additional file1 (PDF 48 KB)

Additional file2 (XLSX 57 KB)

Additional file3 (DOCX 48 KB)

Additional file4 (XLSX 15 KB)

Acknowledgements
The authors thank all horse owners and their staff for their participation and 
support of this study.

Author contributions
LGK: Investigation, data curation, formal analysis, visualization, project admin‑
istration, writing—original draft, writing—review and editing. JK: Conceptu‑
alization, supervision, formal analysis, project administration, writing—review 
and editing. SS: Investigation, writing—review and editing. SM: Investigation, 
writing—review and editing. TS: Investigation, writing—review and editing. 
SA: Methodology, formal analysis, visualization, writing—review and editing. 
GvSH: Conceptualization, supervision, funding acquisition; project administra‑
tion, writing—review and editing.

Funding
Open Access funding enabled and organized by Projekt DEAL. This project 
was funded by the German Research Foundation (DFG) Research Training 
Group 2046 Parasite Infections: From Experimental Models to Natural Systems, 
project C5-3, DFG grant no. 251133687). The research was also partially funded 
by the German Federal Ministry of Education and Research (Förderken‑
nzeichen 033W034A).

Availability of data and materials
The dataset supporting the conclusions of this article is available under Bio‑
Project PRJNA1284338. Key programming scripts are available at https://​doi.​
org/​10.​6084/​m9.​figsh​are.​29108​408.

Declarations

Ethics approval and consent to participate
In accordance with established guidelines, ethical approval was not required 
for this study, as the research exclusively used environmental samples. All of 
the owners voluntarily allowed participation of their animals in this study, 
were informed about all of the procedures and further processing of the col‑
lected data, and gave their consent for the data to be published.

Competing interests
GvSH declares that he has worked repeatedly as a consultant for different 
veterinary pharmaceutical and diagnostic companies. He currently has several 
ongoing research collaborations with various companies. All of the other 
authors declare that they have no competing interests.

Author details
1 Institute for Parasitology and Tropical Veterinary Medicine, Freie Universität 
Berlin, Berlin, Germany. 2 Veterinary Centre for Resistance Research, Freie 
Universität Berlin, Berlin, Germany. 3 Present Address: Institute of Veterinary 
Anatomy, Freie Universität Berlin, Berlin, Germany. 4 Berlin Center for Genomics 
in Biodiversity Research (BeGenDiv), Berlin, Germany. 5 Bioinformatics Solutions 
Center, Institute of Computer Science, Freie Universität Berlin, Berlin, Germany. 
6 Leibniz Institute of Freshwater Ecology and Inland Fisheries (IGB), Berlin, 
Germany. 7 Leibniz Institute for Zoo and Wildlife Research, Berlin, Germany. 

Received: 16 August 2025   Accepted: 26 November 2025

References
	1.	 Bredtmann CM, Krücken J, Murugaiyan J, Kuzmina T, Von Samson-

Himmelstjerna G. Nematode species identification—current status, 
challenges and future perspectives for cyathostomins. Front Cell Infect 
Microbiol. 2017;7:283. https://​doi.​org/​10.​3389/​fcimb.​2017.​00283.

	2.	 Nielsen MK, Branan MA, Wiedenheft AM, Digianantonio R, Scare JA, 
Bellaw JL, et al. Risk factors associated with strongylid egg count 
prevalence and abundance in the United States equine population. Vet 
Parasitol. 2018;257:58–68. https://​doi.​org/​10.​1016/j.​vetpar.​2018.​05.​006.

	3.	 Bellaw JL, Nielsen MK. Meta-analysis of cyathostomin species-specific 
prevalence and relative abundance in domestic horses from 1975–2020: 
emphasis on geographical region and specimen collection method. Para‑
sit Vectors. 2020;13:509. https://​doi.​org/​10.​1186/​s13071-​020-​04396-5.

https://doi.org/10.1186/s13071-025-07192-1
https://doi.org/10.1186/s13071-025-07192-1
https://doi.org/10.6084/m9.figshare.29108408
https://doi.org/10.6084/m9.figshare.29108408
https://doi.org/10.3389/fcimb.2017.00283
https://doi.org/10.1016/j.vetpar.2018.05.006
https://doi.org/10.1186/s13071-020-04396-5


Page 14 of 16Klass et al. Parasites & Vectors           (2026) 19:65 

	4.	 Sallé G, Guillot J, Tapprest J, Foucher N, Sevin C, Laugier C. Compila‑
tion of 29 years of postmortem examinations identifies major shifts 
in equine parasite prevalence from 2000 onwards. Int J Parasitol. 
2020;50:125–32. https://​doi.​org/​10.​1016/j.​ijpara.​2019.​11.​004.

	5.	 Abbas G, Ghafar A, Bauquier J, Beasley A, Ling E, Gauci CG, et al. Preva‑
lence and diversity of ascarid and strongylid nematodes in Australian 
thoroughbred horses using next-generation sequencing and bioinfor‑
matic tools. Vet Parasitol. 2023;323:110048. https://​doi.​org/​10.​1016/j.​
vetpar.​2023.​110048.

	6.	 Love S, Murphy D, Mellor D. Pathogenicity of cyathostome infection. 
Vet Parasitol. 1999;85:113–22. https://​doi.​org/​10.​1016/​S0304-​4017(99)​
00092-8.

	7.	 Mair TS, Sutton DGM, Love S. Caecocaecal and caecocolic intussus‑
ceptions associated with larval cyathostomosis in four young horses. 
Equine Vet J. 2000;32:77–80. https://​doi.​org/​10.​1111/j.​2042-​3306.​2000.​
tb053​39.x.

	8.	 Peachey LE, Castro C, Molena RA, Jenkins TP, Griffin JL, Cantacessi C. 
Dysbiosis associated with acute helminth infections in herbivorous 
youngstock—observations and implications. Sci Rep. 2019;9:11121. 
https://​doi.​org/​10.​1038/​s41598-​019-​47204-6.

	9.	 Peregrine AS, McEwen B, Bienzle D, Koch TG, Weese JS. Larval cyathos‑
tominosis in horses in Ontario: an emerging disease? Can Vet J Rev Vet 
Can. 2006;47:80–2.

	10.	 Lichtenfels JR, Kharchenko VA, Dvojnos GM. Illustrated identification 
keys to strongylid parasites (strongylidae: Nematoda) of horses, zebras 
and asses (Equidae). Vet Parasitol. 2008;156:4–161. https://​doi.​org/​10.​
1016/j.​vetpar.​2008.​04.​026.

	11.	 Lyons ET, Kuzmina TA, Tolliver SC, Collins SS. Observations on develop‑
ment of natural infection and species composition of small strongyles 
in young equids in Kentucky. Parasitol Res. 2011;109:1529–35. https://​
doi.​org/​10.​1007/​s00436-​011-​2460-y.

	12.	 Bellaw JL, Krebs K, Reinemeyer CR, Norris JK, Scare JA, Pagano S, et al. 
Anthelmintic therapy of equine cyathostomin nematodes—larvicidal 
efficacy, egg reappearance period, and drug resistance. Int J Parasitol. 
2018;48:97–105. https://​doi.​org/​10.​1016/j.​ijpara.​2017.​08.​009.

	13.	 Bredtmann CM, Krücken J, Kuzmina T, Louro M, Madeira De Carvalho 
LM, Von Samson-Himmelstjerna G. Nuclear and mitochondrial marker 
sequences reveal close relationship between Coronocyclus coronatus 
and a potential Cylicostephanus calicatus cryptic species complex. 
Infect Genet Evol. 2019;75:103956. https://​doi.​org/​10.​1016/j.​meegid.​
2019.​103956.

	14.	 Kooyman FNJ, Van Doorn DCK, Geurden T, Mughini-Gras L, Ploeger HW, 
Wagenaar JA. Species composition of larvae cultured after anthelmin‑
tic treatment indicates reduced moxidectin susceptibility of immature 
Cylicocyclus species in horses. Vet Parasitol. 2016;227:77–84. https://​doi.​
org/​10.​1016/j.​vetpar.​2016.​07.​029.

	15.	 Van Doorn DCK, Ploeger HW, Eysker M, Geurden T, Wagenaar JA, 
Kooyman FNJ. Cylicocyclus species predominate during shortened egg 
reappearance period in horses after treatment with ivermectin and 
moxidectin. Vet Parasitol. 2014;206:246–52. https://​doi.​org/​10.​1016/j.​
vetpar.​2014.​10.​004.

	16.	 Lyons ET, Tolliver SC, Drudge JH, Stamper S, Swerczek TW, Granstrom 
DE. Critical test evaluation (1977–1992) of drug efficacy against endo‑
parasites featuring benzimidazole-resistant small strongyles (Popula‑
tion S) in Shetland ponies. Vet Parasitol. 1996;66:67–73. https://​doi.​org/​
10.​1016/​S0304-​4017(96)​00997-1.

	17.	 Drudge JH, Tolliver SC, Lyons ΕT. Benzimidazole resistance of equine 
strongyles: critical tests of several classes of compounds against popu‑
lation B strongyles from 1977 to 1981. Am J Vet Res. 1984;45:804–9. 
https://​doi.​org/​10.​2460/​ajvr.​1984.​45.​04.​804.

	18.	 Hedberg Alm Y, Halvarsson P, Martin F, Osterman-Lind E, Törngren V, 
Tydén E. Demonstration of reduced efficacy against cyathostomins 
without change in species composition after pyrantel embonate 
treatment in Swedish equine establishments. Int J Parasitol Drugs Drug 
Resist. 2023;23:78–86. https://​doi.​org/​10.​1016/j.​ijpddr.​2023.​11.​003.

	19.	 Lyons ET, Tolliver SC, Drudge JH, Collins SS, Swerczek TW. Continuance 
of studies on Population S benzimidazole-resistant small strongyles 
in a Shetland pony herd in Kentucky: effect of pyrantel pamoate 
(1992–1999). Vet Parasitol. 2001;94:247–56. https://​doi.​org/​10.​1016/​
S0304-​4017(00)​00382-4.

	20.	 Bull KE, Allen KJ, Hodgkinson JE, Peachey LE. The first report of macrocy‑
clic lactone resistant cyathostomins in the UK. Int J Parasitol Drugs Drug 
Resist. 2023;21:125–30. https://​doi.​org/​10.​1016/j.​ijpddr.​2023.​03.​001.

	21.	 Dauparaitė E, Kupčinskas T, Von Samson-Himmelstjerna G, Petkevičius S. 
Anthelmintic resistance of horse strongyle nematodes to ivermectin and 
pyrantel in Lithuania. Acta Vet Scand. 2021;63:5. https://​doi.​org/​10.​1186/​
s13028-​021-​00569-z.

	22.	 Nielsen MK, Steuer AE, Anderson HP, Gavriliuc S, Carpenter AB, Redman 
EM, et al. Shortened egg reappearance periods of equine cyathostomins 
following ivermectin or moxidectin treatment: morphological and 
molecular investigation of efficacy and species composition. Int J Parasi‑
tol. 2022;52:787–98. https://​doi.​org/​10.​1016/j.​ijpara.​2022.​09.​003.

	23.	 Lyons E. Population-S benzimidazole- and tetrahydropyrimidine-
resistant small strongyles in a pony herd in Kentucky (1977–1999): 
effects of anthelmintic treatment on the parasites as determined in 
critical tests. Parasitol Res. 2003;91:407–11. https://​doi.​org/​10.​1007/​
s00436-​003-​0983-6.

	24.	 Boisseau M, Mach N, Basiaga M, Kuzmina T, Laugier C, Sallé G. Patterns of 
variation in equine strongyle community structure across age groups and 
gut compartments. Parasit Vectors. 2023;16:64. https://​doi.​org/​10.​1186/​
s13071-​022-​05645-5.

	25.	 Kuzmina TA, Dzeverin I, Kharchenko VA. Strongylids in domestic horses: 
influence of horse age, breed and deworming programs on the strongyle 
parasite community. Vet Parasitol. 2016;227:56–63. https://​doi.​org/​10.​
1016/j.​vetpar.​2016.​07.​024.

	26.	 Lester HE, Morgan ER, Hodgkinson JE, Matthews JB. Analysis of strongyle 
egg shedding consistency in horses and factors that affect it. J Equine Vet 
Sci. 2018;60:113-119.e1. https://​doi.​org/​10.​1016/j.​jevs.​2017.​04.​006.

	27.	 Sallé G, Kornaś S, Basiaga M. Equine strongyle communities are con‑
strained by horse sex and species dipersal-fecundity trade-off. Parasit 
Vectors. 2018;11:279. https://​doi.​org/​10.​1186/​s13071-​018-​2858-9.

	28.	 Boelow H, Krücken J, Von Samson-Himmelstjerna G. Epidemiologi‑
cal study on factors influencing the occurrence of helminth eggs in 
horses in Germany based on sent-in diagnostic samples. Parasitol Res. 
2023;122:749–67. https://​doi.​org/​10.​1007/​s00436-​022-​07765-4.

	29.	 Nielsen MK, Gee EK, Hansen A, Waghorn T, Bell J, Leathwick DM. Monitor‑
ing equine ascarid and cyathostomin parasites: evaluating health param‑
eters under different treatment regimens. Equine Vet J. 2021;53:902–10. 
https://​doi.​org/​10.​1111/​evj.​13374.

	30.	 Tydén E, Jansson A, Ringmark S. Parasites in horses kept in a 2.5 year-
round grazing system in Nordic conditions without supplementary 
feeding. Animals. 2019;9:1156. https://​doi.​org/​10.​3390/​ani91​21156.

	31.	 Wood ELD, Matthews JB, Stephenson S, Slote M, Nussey DH. Variation 
in fecal egg counts in horses managed for conservation purposes: 
individual egg shedding consistency, age effects and seasonal variation. 
Parasitology. 2013;140:115–28. https://​doi.​org/​10.​1017/​S0031​18201​20012​
8X.

	32.	 Gasser RB, Hung G-C, Chilton NB, Beveridge I. Advances in developing 
molecular-diagnostic tools for strongyloid nematodes of equids: funda‑
mental and applied implications. Mol Cell Probes. 2004;18:3–16. https://​
doi.​org/​10.​1016/j.​mcp.​2003.​10.​001.

	33.	 Nielsen MK, Von Samson-Himmelstjerna G, Kuzmina TA, Van Doorn DCK, 
Meana A, Rehbein S, et al. World association for the advancement of vet‑
erinary parasitology (WAAVP): third edition of guideline for evaluating the 
efficacy of equine anthelmintics. Vet Parasitol. 2022;303:109676. https://​
doi.​org/​10.​1016/j.​vetpar.​2022.​109676.

	34.	 Daş G, Klauser S, Stehr M, Tuchscherer A, Metges CC. Accuracy and preci‑
sion of McMaster and Mini-FLOTAC egg counting techniques using egg-
spiked faeces of chickens and two different flotation fluids. Vet Parasitol. 
2020;283:109158. https://​doi.​org/​10.​1016/j.​vetpar.​2020.​109158.

	35.	 Mohammedsalih KM, Hassan SA, Juma F-R, Saeed SI, Bashar A, von 
Samson-Himmelstjerna G, et al. Comparative assessment of Mini-FLOTAC, 
McMaster and semi-quantitative flotation for helminth egg examina‑
tion in camel faeces. Parasit Vectors. 2025;18:5. https://​doi.​org/​10.​1186/​
s13071-​024-​06637-3.

	36.	 Barda B, Cajal P, Villagran E, Cimino R, Juarez M, Krolewiecki A, et al. Mini-
FLOTAC, Kato-Katz and McMaster: three methods, one goal; highlights 
from north Argentina. Parasit Vectors. 2014;7:271. https://​doi.​org/​10.​1186/​
1756-​3305-7-​271.

	37.	 Cringoli G, Maurelli MP, Levecke B, Bosco A, Vercruysse J, Utzinger J, et al. 
The Mini-FLOTAC technique for the diagnosis of helminth and protozoan 

https://doi.org/10.1016/j.ijpara.2019.11.004
https://doi.org/10.1016/j.vetpar.2023.110048
https://doi.org/10.1016/j.vetpar.2023.110048
https://doi.org/10.1016/S0304-4017(99)00092-8
https://doi.org/10.1016/S0304-4017(99)00092-8
https://doi.org/10.1111/j.2042-3306.2000.tb05339.x
https://doi.org/10.1111/j.2042-3306.2000.tb05339.x
https://doi.org/10.1038/s41598-019-47204-6
https://doi.org/10.1016/j.vetpar.2008.04.026
https://doi.org/10.1016/j.vetpar.2008.04.026
https://doi.org/10.1007/s00436-011-2460-y
https://doi.org/10.1007/s00436-011-2460-y
https://doi.org/10.1016/j.ijpara.2017.08.009
https://doi.org/10.1016/j.meegid.2019.103956
https://doi.org/10.1016/j.meegid.2019.103956
https://doi.org/10.1016/j.vetpar.2016.07.029
https://doi.org/10.1016/j.vetpar.2016.07.029
https://doi.org/10.1016/j.vetpar.2014.10.004
https://doi.org/10.1016/j.vetpar.2014.10.004
https://doi.org/10.1016/S0304-4017(96)00997-1
https://doi.org/10.1016/S0304-4017(96)00997-1
https://doi.org/10.2460/ajvr.1984.45.04.804
https://doi.org/10.1016/j.ijpddr.2023.11.003
https://doi.org/10.1016/S0304-4017(00)00382-4
https://doi.org/10.1016/S0304-4017(00)00382-4
https://doi.org/10.1016/j.ijpddr.2023.03.001
https://doi.org/10.1186/s13028-021-00569-z
https://doi.org/10.1186/s13028-021-00569-z
https://doi.org/10.1016/j.ijpara.2022.09.003
https://doi.org/10.1007/s00436-003-0983-6
https://doi.org/10.1007/s00436-003-0983-6
https://doi.org/10.1186/s13071-022-05645-5
https://doi.org/10.1186/s13071-022-05645-5
https://doi.org/10.1016/j.vetpar.2016.07.024
https://doi.org/10.1016/j.vetpar.2016.07.024
https://doi.org/10.1016/j.jevs.2017.04.006
https://doi.org/10.1186/s13071-018-2858-9
https://doi.org/10.1007/s00436-022-07765-4
https://doi.org/10.1111/evj.13374
https://doi.org/10.3390/ani9121156
https://doi.org/10.1017/S003118201200128X
https://doi.org/10.1017/S003118201200128X
https://doi.org/10.1016/j.mcp.2003.10.001
https://doi.org/10.1016/j.mcp.2003.10.001
https://doi.org/10.1016/j.vetpar.2022.109676
https://doi.org/10.1016/j.vetpar.2022.109676
https://doi.org/10.1016/j.vetpar.2020.109158
https://doi.org/10.1186/s13071-024-06637-3
https://doi.org/10.1186/s13071-024-06637-3
https://doi.org/10.1186/1756-3305-7-271
https://doi.org/10.1186/1756-3305-7-271


Page 15 of 16Klass et al. Parasites & Vectors           (2026) 19:65 	

infections in humans and animals. Nat Protoc. 2017;12:1723–32. https://​
doi.​org/​10.​1038/​nprot.​2017.​067.

	38.	 Jürgenschellert L, Krücken J, Austin CJ, Lightbody KL, Bousquet E, Von 
Samson-Himmelstjerna G. Investigations on the occurrence of tapeworm 
infections in German horse populations with comparison of different 
antibody detection methods based on saliva and serum samples. Parasit 
Vectors. 2020;13:462. https://​doi.​org/​10.​1186/​s13071-​020-​04318-5.

	39.	 Lejeune M, Mann S, White H, Maguire D, Hazard J, Young R, et al. Evalu‑
ation of fecal egg count tests for effective control of equine intestinal 
strongyles. Pathogens. 2023;12:1283. https://​doi.​org/​10.​3390/​patho​gens1​
21112​83.

	40.	 Courtot É, Boisseau M, Dhorne-Pollet S, Serreau D, Gesbert A, Reigner 
F, et al. Comparison of two molecular barcodes for the study of 
equine strongylid communities with amplicon sequencing. PeerJ. 
2023;11:e15124. https://​doi.​org/​10.​7717/​peerj.​15124.

	41.	 Ghafar A, Abbas G, Beasley A, Bauquier J, Wilkes EJA, Jacobson C, et al. 
Molecular diagnostics for gastrointestinal helminths in equids: past, pre‑
sent and future. Vet Parasitol. 2023;313:109851. https://​doi.​org/​10.​1016/j.​
vetpar.​2022.​109851.

	42.	 Krücken J, Diekmann I, Andreotti S, Bredtmann CM, Mbedi S, Sparmann S, 
et al. Cytochrome c oxidase I deep amplicon sequencing for metabarcod‑
ing of equine strongyle communities: unexpectedly high Strongylus spp. 
burden in treated horses. bioRxiv. 2025;:2025.05.12.653446. https://​doi.​
org/​10.​1101/​2025.​05.​12.​653446.

	43.	 Diekmann I, Krücken J, Kuzmina TA, Bredtmann CM, Louro M, Kharchenko 
VA, et al. Comparative phylogenetic and sequence identity analysis of 
internal transcribed spacer 2 and cytochrome c oxidase subunit I as DNA 
barcode markers for the most common equine Strongylidae species. 
Infect Genet Evol. 2025;129:105729. https://​doi.​org/​10.​1016/j.​meegid.​
2025.​105729.

	44.	 Byrne O, Gangotia D, Crowley J, Zintl A, Kiser L, Boxall O, et al. Molecular 
species determination of cyathostomins from horses in Ireland. Vet 
Parasitol. 2024;328:110168. https://​doi.​org/​10.​1016/j.​vetpar.​2024.​110168.

	45.	 Mitchell MC, Tzelos T, Handel I, Mcwilliam HEG, Hodgkinson JE, Nisbet AJ, 
et al. Development of a recombinant protein-based ELISA for diagnosis of 
larval cyathostomin infection. Parasitology. 2016;143:1055–66. https://​doi.​
org/​10.​1017/​S0031​18201​60006​27.

	46.	 Poissant J, Gavriliuc S, Bellaw J, Redman EM, Avramenko RW, Robinson D, 
et al. A repeatable and quantitative DNA metabarcoding assay to charac‑
terize mixed strongyle infections in horses. Int J Parasitol. 2021;51:183–92. 
https://​doi.​org/​10.​1016/j.​ijpara.​2020.​09.​003.

	47.	 Sargison N, Chambers A, Chaudhry U, Costa Júnior L, Doyle SR, Ehimiyein 
A, et al. Faecal egg counts and nemabiome metabarcoding highlight the 
genomic complexity of equine cyathostomin communities and provide 
insight into their dynamics in a Scottish native pony herd. Int J Parasitol. 
2022;52:763–74. https://​doi.​org/​10.​1016/j.​ijpara.​2022.​08.​002.

	48.	 Diekmann I, Blazejak K, Krücken J, Strube C, von Samson-Himmelstjerna 
G. Comparison of morphological and molecular Strongylus spp. identifi‑
cation in equine larval cultures and first report of a patent Strongylus asini 
infection in a horse. Equine Vet J. 2025;57:522–9. https://​doi.​org/​10.​1111/​
evj.​14134.

	49.	 Louro M, Kuzmina TA, Bredtmann CM, Diekmann I, De Carvalho LMM, 
Von Samson-Himmelstjerna G, et al. Genetic variability, cryptic species 
and phylogenetic relationship of six cyathostomin species based on 
mitochondrial and nuclear sequences. Sci Rep. 2021;11:8245. https://​doi.​
org/​10.​1038/​s41598-​021-​87500-8.

	50.	 Cringoli G, Rinaldi L, Maurelli MP, Utzinger J. FLOTAC: new multivalent 
techniques for qualitative and quantitative copromicroscopic diagnosis 
of parasites in animals and humans. Nat Protoc. 2010;5:503–15. https://​
doi.​org/​10.​1038/​nprot.​2009.​235.

	51.	 Demeler J, Ramünke S, Wolken S, Ianiello D, Rinaldi L, Gahutu JB, et al. 
Discrimination of gastrointestinal nematode eggs from crude fecal egg 
preparations by inhibitor-resistant conventional and real-time PCR. PLoS 
ONE. 2013;8:e61285. https://​doi.​org/​10.​1371/​journ​al.​pone.​00612​85.

	52.	 Krücken J, Diekmann I, Andreotti S, Bredtmann CM, Mbedi S, Sparmann S, 
et al. Cytochrome c oxidase I deep amplicon sequencing for metabarcod‑
ing of equine strongyle communities: unexpectedly high Strongylus spp. 
prevalence in treated horses. Int J Parasitol. 2025;:S0020751925001821. 
https://​doi.​org/​10.​1016/j.​ijpara.​2025.​09.​007.

	53.	 Duscher GG, Harl J, Fuehrer H-P. Evidence of Troglotrema acu-
tum and Skrjabingylus sp. coinfection in a polecat from Lower 

Austria. Helminthologia. 2015;52:63–6. https://​doi.​org/​10.​1515/​
helmin-​2015-​0011.

	54.	 Berensmeier S. Magnetic particles for the separation and purification of 
nucleic acids. Appl Microbiol Biotechnol. 2006;73:495–504. https://​doi.​
org/​10.​1007/​s00253-​006-​0675-0.

	55.	 Klass LG, Diekmann I, Andreotti S, Mbedi S, Sparmann S, Schenk T, et al. 
Species diversity and within-host tropism for mixed equine strongyle 
infections using a cytochrome c oxidase subunit I metabarcoding 
approach. Int J Parasitol. 2025;S0020–7519:00185–7. https://​doi.​org/​10.​
1016/j.​ijpara.​2025.​09.​010.

	56.	 Martin M. Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnetjournal. 2011;17:10. https://​doi.​org/​10.​14806/​
ej.​17.1.​200.

	57.	 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
DADA2: high-resolution sample inference from Illumina amplicon data. 
Nat Methods. 2016;13:581–3. https://​doi.​org/​10.​1038/​nmeth.​3869.

	58.	 Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic Local Alignment 
Search Tool. J Mol Biol. 1990;215:403–10. https://​doi.​org/​10.​1016/​S0022-​
2836(05)​80360-2.

	59.	 R a language and environment for statistical computing: reference index. 
Vienna: R Foundation for Statistical Computing; 2010.

	60.	 Bates D, Maechler M, Bolker B, Walker S. lme4: linear mixed-effects models 
using “Eigen” and S4. 2003;1:1–37. https://​doi.​org/​10.​32614/​CRAN.​packa​
ge.​lme4.

	61.	 Brooks ME, Kristensen K, Benthem KJ, van Magnusson A, Berg CW, Nielsen 
A et al. glmmTMB balances speed and flexibility among packages for 
zero-inflated generalized linear mixed modeling. R J. 2017;9:378. https://​
doi.​org/​10.​32614/​RJ-​2017-​066.

	62.	 Kuhn M, Jackson S, Cimentada J. corrr: Correlations in R. 2016;:0.4.4. 
https://​doi.​org/​10.​32614/​CRAN.​packa​ge.​corrr.

	63.	 Hartig F. DHARMa: residual diagnostics for hierarchical (multi-level/mixed) 
regression models. 2016;:0.4.7. https://​doi.​org/​10.​32614/​CRAN.​packa​ge.​
DHARMa.

	64.	 Oksanen J, Simpson GL, Blanchet FG, Kindt R, Legendre P, Minchin PR, 
et al. vegan: community ecology package. 2001;2.6–10. https://​doi.​org/​
10.​32614/​CRAN.​packa​ge.​vegan.

	65.	 Deutschter Wetterdienst (DWD). Annual precipitation report for Germany. 
2022.

	66.	 Kuzmina TA, Kharchenko VO. Anthelmintic resistance in cyathostomins 
of brood horses in Ukraine and influence of anthelmintic treatments on 
strongylid community structure. Vet Parasitol. 2008;154:277–88. https://​
doi.​org/​10.​1016/j.​vetpar.​2008.​03.​024.

	67.	 Lyons ET, Tolliver SC, Kuzmina TA. Investigation of strongyle EPG 
values in horse mares relative to known age, number positive, and 
level of egg shedding in field studies on 26 farms in central Kentucky 
(2010–2011). Parasitol Res. 2012;110:2237–45. https://​doi.​org/​10.​1007/​
s00436-​011-​2755-z.

	68.	 Čerňanská D, Paoletti B, Kráľová-Hromadová I, Iorio R, Čudeková P, Milillo 
P, et al. Application of a reverse line blot hybridisation assay for the 
species-specific identification of cyathostomins (Nematoda, Strongylida) 
from benzimidazole-treated horses in the Slovak Republic. Vet Parasitol. 
2009;160:171–4. https://​doi.​org/​10.​1016/j.​vetpar.​2008.​10.​078.

	69.	 Chapman MR, Klei TR, French DD. Identification of thiabendazole-
resistant cyathostome species in Louisiana. Vet Parasitol. 1991;39:293–9. 
https://​doi.​org/​10.​1016/​0304-​4017(91)​90046-X.

	70.	 Hodgkinson JE, Freeman KL, Lichtenfels JR, Palfreman S, Love S, Matthews 
JB. Identification of strongyle eggs from anthelmintic-treated horses 
using a PCR-ELISA based on intergenic DNA sequences. Parasitol Res. 
2005;95:287–92. https://​doi.​org/​10.​1007/​s00436-​004-​1289-z.

	71.	 Traversa D, von Samson-Himmelstjerna G, Demeler J, Milillo P, Schürmann 
S, Barnes H, et al. Anthelmintic resistance in cyathostomin populations 
from horse yards in Italy, United Kingdom and Germany. Parasit Vectors. 
2009;2:S2. https://​doi.​org/​10.​1186/​1756-​3305-2-​S2-​S2.

	72.	 Merlin A, Larcher N, Vallé-Casuso J-C. The first report of triple anthelmintic 
resistance on a French thoroughbred stud farm. Int J Parasitol Drugs Drug 
Resist. 2024;24:100528. https://​doi.​org/​10.​1016/j.​ijpddr.​2024.​100528.

	73.	 Bull KE, Hodgkinson J, Allen K, Poissant J, Peachey LE. Quantitative DNA 
metabarcoding reveals species composition of a macrocyclic lactone 
and pyrantel resistant cyathostomin population in the UK. Int J Parasitol 
Drugs Drug Resist. 2025;27:100576. https://​doi.​org/​10.​1016/j.​ijpddr.​2024.​
100576.

https://doi.org/10.1038/nprot.2017.067
https://doi.org/10.1038/nprot.2017.067
https://doi.org/10.1186/s13071-020-04318-5
https://doi.org/10.3390/pathogens12111283
https://doi.org/10.3390/pathogens12111283
https://doi.org/10.7717/peerj.15124
https://doi.org/10.1016/j.vetpar.2022.109851
https://doi.org/10.1016/j.vetpar.2022.109851
https://doi.org/10.1101/2025.05.12.653446
https://doi.org/10.1101/2025.05.12.653446
https://doi.org/10.1016/j.meegid.2025.105729
https://doi.org/10.1016/j.meegid.2025.105729
https://doi.org/10.1016/j.vetpar.2024.110168
https://doi.org/10.1017/S0031182016000627
https://doi.org/10.1017/S0031182016000627
https://doi.org/10.1016/j.ijpara.2020.09.003
https://doi.org/10.1016/j.ijpara.2022.08.002
https://doi.org/10.1111/evj.14134
https://doi.org/10.1111/evj.14134
https://doi.org/10.1038/s41598-021-87500-8
https://doi.org/10.1038/s41598-021-87500-8
https://doi.org/10.1038/nprot.2009.235
https://doi.org/10.1038/nprot.2009.235
https://doi.org/10.1371/journal.pone.0061285
https://doi.org/10.1016/j.ijpara.2025.09.007
https://doi.org/10.1515/helmin-2015-0011
https://doi.org/10.1515/helmin-2015-0011
https://doi.org/10.1007/s00253-006-0675-0
https://doi.org/10.1007/s00253-006-0675-0
https://doi.org/10.1016/j.ijpara.2025.09.010
https://doi.org/10.1016/j.ijpara.2025.09.010
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.32614/CRAN.package.lme4
https://doi.org/10.32614/CRAN.package.lme4
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/CRAN.package.corrr
https://doi.org/10.32614/CRAN.package.DHARMa
https://doi.org/10.32614/CRAN.package.DHARMa
https://doi.org/10.32614/CRAN.package.vegan
https://doi.org/10.32614/CRAN.package.vegan
https://doi.org/10.1016/j.vetpar.2008.03.024
https://doi.org/10.1016/j.vetpar.2008.03.024
https://doi.org/10.1007/s00436-011-2755-z
https://doi.org/10.1007/s00436-011-2755-z
https://doi.org/10.1016/j.vetpar.2008.10.078
https://doi.org/10.1016/0304-4017(91)90046-X
https://doi.org/10.1007/s00436-004-1289-z
https://doi.org/10.1186/1756-3305-2-S2-S2
https://doi.org/10.1016/j.ijpddr.2024.100528
https://doi.org/10.1016/j.ijpddr.2024.100576
https://doi.org/10.1016/j.ijpddr.2024.100576


Page 16 of 16Klass et al. Parasites & Vectors           (2026) 19:65 

	74.	 Abbas G, Ghafar A, Hurley J, Bauquier J, Beasley A, Wilkes EJA, et al. 
Cyathostomin resistance to moxidectin and combinations of anthelmin‑
tics in Australian horses. Parasit Vectors. 2021;14:597. https://​doi.​org/​10.​
1186/​s13071-​021-​05103-8.

	75.	 Nielsen MK, Banahan M, Kaplan RM. Importation of macrocyclic lactone 
resistant cyathostomins on a US thoroughbred farm. Int J Parasitol Drugs 
Drug Resist. 2020;14:99–104. https://​doi.​org/​10.​1016/j.​ijpddr.​2020.​09.​004.

	76.	 Russell AF. The development of helminthiasis in thoroughbred foals. 
J Comp Pathol Ther. 1948;58:107–27. https://​doi.​org/​10.​1016/​S0368-​
1742(48)​80009-3.

	77.	 Nielsen MK, Lyons ET. Encysted cyathostomin larvae in foals—progres‑
sion of stages and the effect of seasonality. Vet Parasitol. 2017;236:108–12. 
https://​doi.​org/​10.​1016/j.​vetpar.​2017.​02.​013.

	78.	 Steuer AE, Anderson HP, Shepherd T, Clark M, Scare JA, Gravatte HS, et al. 
Parasite dynamics in untreated horses through one calendar year. Parasit 
Vectors. 2022;15:50. https://​doi.​org/​10.​1186/​s13071-​022-​05168-z.

	79.	 Collobert-Laugier C, Hoste H, Sevin C, Dorchies P. Prevalence, abundance 
and site distribution of equine small strongyles in Normandy, France. 
Vet Parasitol. 2002;110:77–83. https://​doi.​org/​10.​1016/​S0304-​4017(02)​
00328-X.

	80.	 Johnson ACB, Biddle AS. The use of molecular profiling to track equine 
reinfection rates of cyathostomin species following anthelmintic adminis‑
tration. Animals. 2021;11:1345. https://​doi.​org/​10.​3390/​ani11​051345.

	81.	 Hung G-C, Chilton NB, Beveridge I, Zhu XQ, Lichtenfels JR, Gasser RB. 
Molecular evidence for cryptic species within Cylicostephanus minu-
tus (Nematoda: Strongylidae)fn1fn1 Note: Nucleotide sequence data 
reported in this paper are available in the embl, GenBankTM and DDBJ 
databases under the accession numbers AJ228241, AJ005831, AJ228239, 
AJ228240, aj 004843, AJ005832, AJ004841 and AJ004842. Int J Parasitol. 
1999;29:285–91. https://​doi.​org/​10.​1016/​S0020-​7519(98)​00203-3.

	82.	 Kamiya T, O’Dwyer K, Nakagawa S, Poulin R. What determines species 
richness of parasitic organisms? A meta-analysis across animal, plant and 
fungal hosts. Biol Rev Camb Philos Soc. 2014;89:123–34. https://​doi.​org/​
10.​1111/​brv.​12046.

	83.	 Råberg L, Graham AL, Read AF. Decomposing health: tolerance and 
resistance to parasites in animals. Philos Trans R Soc Lond B Biol Sci. 
2009;364:37–49. https://​doi.​org/​10.​1098/​rstb.​2008.​0184.

	84.	 Klei TR. Equine immunity to parasites. Vet Clin North Am Equine Pract. 
2000;16:vi. https://​doi.​org/​10.​1016/​s0749-​0739(17)​30119-0.

	85.	 Klei TR, Chapman MR. Immunity in equine cyathostome infections. 
Vet Parasitol. 1999;85:123–36. https://​doi.​org/​10.​1016/​S0304-​4017(99)​
00093-X.

	86.	 Adams AA, Betancourt A, Barker VD, Siard MH, Elzinga S, Bellaw JL, et al. 
Comparison of the immunologic response to anthelmintic treatment 
in old versus middle-aged horses. J Equine Vet Sci. 2015;35:873-881.e3. 
https://​doi.​org/​10.​1016/j.​jevs.​2015.​07.​005.

	87.	 Harvey AM, Meggiolaro MN, Hall E, Watts ET, Ramp D, Šlapeta J. Wild 
horse populations in south-east Australia have a high prevalence of 
Strongylus vulgaris and may act as a reservoir of infection for domestic 
horses. Int J Parasitol Parasites Wildl. 2019;8:156–63. https://​doi.​org/​10.​
1016/j.​ijppaw.​2019.​01.​008.

	88.	 Ochigbo GO, Ahn S, Belhumeur KA, Poissant J, Rosa BV. Nemabiome 
sequencing reveals seasonal and age associated patterns of strongyle 
infection and high prevalence of Strongylus vulgaris in Alberta feral 
horses. Int J Parasitol Parasites Wildl. 2025;27:101091. https://​doi.​org/​10.​
1016/j.​ijppaw.​2025.​101091.

	89.	 Zvegintsova NS, Zharkikh TL, Joint Directorate of State Nature Reserves 
«Orenburg» and «Shaitan-Tau», Kuzmina TA, I.I. Schmalhausen Institute 
of Zoology NAS of Ukraine. Parasites of Przewalski’s horses (Equus Ferus 
Przewalskii) in Askania nova biosphere reserve (Ukraine) and Orenburg 
State Nature Reserve (Russia). Nat Conserv Res. 2019;4 Suppl.2. https://​
doi.​org/​10.​24189/​ncr.​2019.​030.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1186/s13071-021-05103-8
https://doi.org/10.1186/s13071-021-05103-8
https://doi.org/10.1016/j.ijpddr.2020.09.004
https://doi.org/10.1016/S0368-1742(48)80009-3
https://doi.org/10.1016/S0368-1742(48)80009-3
https://doi.org/10.1016/j.vetpar.2017.02.013
https://doi.org/10.1186/s13071-022-05168-z
https://doi.org/10.1016/S0304-4017(02)00328-X
https://doi.org/10.1016/S0304-4017(02)00328-X
https://doi.org/10.3390/ani11051345
https://doi.org/10.1016/S0020-7519(98)00203-3
https://doi.org/10.1111/brv.12046
https://doi.org/10.1111/brv.12046
https://doi.org/10.1098/rstb.2008.0184
https://doi.org/10.1016/s0749-0739(17)30119-0
https://doi.org/10.1016/S0304-4017(99)00093-X
https://doi.org/10.1016/S0304-4017(99)00093-X
https://doi.org/10.1016/j.jevs.2015.07.005
https://doi.org/10.1016/j.ijppaw.2019.01.008
https://doi.org/10.1016/j.ijppaw.2019.01.008
https://doi.org/10.1016/j.ijppaw.2025.101091
https://doi.org/10.1016/j.ijppaw.2025.101091
https://doi.org/10.24189/ncr.2019.030
https://doi.org/10.24189/ncr.2019.030

	Characterizing mixed strongyle infections in foals and broodmares using cytochrome c oxidase subunit I deep amplicon sequencing
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study population
	Collection of faecal samples
	Faecal egg counts
	Egg and DNA isolation
	Library preparation and deep amplicon sequencing
	Taxonomic assignment using DADA2 and vsearch syntax
	Statistical analysis

	Results
	Faecal egg counts
	Anthelmintic treatments
	Species composition
	Alpha diversity
	Beta diversity

	Discussion
	Conclusions
	Acknowledgements
	References


